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Abstract—This paper reports on innovative research efforts to develop building bricks using industrial by-products and the possible benefits in terms of technology, economy and care for the environment. A process of brick making by utilising a by-product of an industrial process is viewed as a step towards a more sustainable building construction. Laboratory tests were carried out  on  cylindrical test specimens made with all in one 3.35mm- 63μm  crushed carboniferous and oolitic limestone aggregate bound with a blended binder comprising of Portland cement (PC) and Ground Granulated Blast-furnace Slag (GGBS; a by-product of steel manufacture). In the current investigation, the cylindrical specimens were moist cured at room temperature of about 20 ± 2ºC for 3, 7, 14 and 28 days before testing for unconfined compressive strength. Preliminary results show that the strength values for all stabilised material investigated was within the strength range of 4.2 to 10.9N/mm². These results suggest that there is potential in using GGBS as both blended and unblended binder for the manufacturing of building bricks. 





oday there is mass world interest in new and innovative research, knowledge transfer and best practice regarding the development of new building products. With the rise in carbon emissions resulting in global warming and climate change, successful new methods are vital. The development of building bricks using GGBS and a relatively low amount of PC content is viewed as innovative, and has emerged as an energy-efficient economical alternative to the common method of manufacturing building bricks.
The main benefit of this product is the reduction in manufacturing costs and energy saving. The strength and durability requirements currently achievable using PC alone, and/or those demanded by the building industry can be attained by using significant amounts of the less expensive GGBS (relative to PC). The added advantage of not using PC alone ensures the formulations compete favourably in the market place. The use of PC introduces energy-related costs to the end products. This high cost is currently being transfered to the consumer, thus indirectly affecting the building brick manufacturing industry and hence economy. PC manufacture also requires intensive heating to temperatures well above 1000oC before effective strength for cementation, as requred by the building industry, is attained. This intensive energy usage for manufacturing PC is responsible for high carbon dioxide (CO2) generation that causes environmental damage. One tonne of manufactured PC results in the emission of at least one tonne of CO2 to the atmosphere thus increasing global warming [1]. There is therefore, an opportunity to lower the cost of bricks by saving on energy consumption and costs in the manufacturing of the stabiliser with the use of slag-based formulations for building bricks. 
Using industrial by-products to manufacture bricks is an innovation that will benefit brick, lime and slag manufacturers, processers and outlets/agents, building and housing providers, local authorities, private companies and individuals. These organsations will be able to use the knowledge gained from this new process to manufacture low-cost, socio-economic and environmental friendly building products
         Research work by Wild et al. [2] has been successful in stabilizing clay soil using lime to activate GGBS; this process has shown extensive practical applications for highways. The first application of GGBS-based formulations in road pavement construction in the UK was on the A421 Tingewick Bypass in Buckinghamshire, and the second application was on the A130 road near London. Expectations are that the application of this  product (GGBS-based building bricks) will expand into many areas providing economical and environmentally friendly building  materials.
Veerapan et al. [3] was able to use GGBS to improve many mechanical and durability properties of soil, with less heat of hydration. Kinuthia and Wild [4] in their previous research on GGBS systems showed that optimum strength and durability were achieved with the use of GGBS as a stabiliser for clay soil. Thus, less reliance on traditional cementitious materials like PC in building construction is an important step to sustainable development and consequently reduces the impact on the environment. The introduction of GGBS in cement-lime blend has given rise to a dense paste with reduced porosity and permeability, which has an increase in strength due to the formation of substantial amounts of C-S-H gel [5], [6]. Furthermore research by Oti [7] was successful in laboratory scale using GGBS to produce unfired clay bricks; this formulation is still awaiting full industrial trials. Planning Factsheet [8] revealed a promising development on the potential for utilising GGBS in the manufacturing of extruded bricks where GGBS can replace up to 20% of the clay content, thereby reducing the firing temperature of the clay, hence reducing energy costs.




The materials used in this research consisted of GGBS, PC, pigment and crushed limestone aggregate (carboniferous and oolitic).

1. Ground granulated blast furnace slag (GGBS)

The GGBS used in this investigation was supplied by Civil and Marine Ltd, Llanwern, Newport, UK. The chemical and physical properties of the GGBS are shown in Table 1.





2. Portland cement (PC) 





Two different types of crushed limestone aggregates were used in this research study (carboniferous and oolitic). The sieve analysis of the aggregates shows that the particle size distribution of the aggregates was within 3.35mm- 63μm (see Fig. 1). This crushed carboniferous and oolitic limestone aggregates were provided by PD Edenhall Ltd. The aggregates were in accordance with concrete composition for fine aggregate/sand BS EN 12620 [10]. The chemical and physical properties of the GGBS are also shown in Table 1.






The pigment material was provided by PD Edenhall. It is commercially supplied by Elementis Pigment UK. The pigments are of two types, a red and a yellow dye from synthetic iron oxide with about 86% oxide content. These dyes are powdery substances with a typical PH range of 3-7 and they are insoluble in water.

B.	Sample preparation, mix composition and testing
Mixes were made by replacing the total amount of PC used in most concrete bricks (7.5% PC) by 20 and 50% with GGBS, thus maintaining the overall total binder, aggregate and pigment content for all mixtures. The water to binder ratio was kept at constant 0.6. 




Fig. 2: Steel mould (extension collar not shown) and the extruded cylindrical test specimen.

The cylinders were then extruded using a steel plunger (see Fig. 2), trimmed, cleaned of releasing oil, weighed, and wrapped in cling film. The cylinders were labelled and placed in polythene bags before being placed in sealed plastic containers. The samples were moist cured for 3, 7, 14, and 28 days at room temperature of about 20°C ± 2°C. Table 2 shows the details of the mix compositions used. 
  






At the end of the moist curing period, three samples per mix proportion were removed from the curing room. Any condensation on the cling film covering the cylinders was removed with paper tissue, prior to being weighed. An Avery universal testing machine capable of loading up to 600 kN was used to apply the load at a compression rate of 2 mm/min. The samples were then subjected to unconfined compressive strength tests in accordance with the British standard BS 1924 [11]. The mean strength of the three test specimens was then determined.

III.	Results




Fig. 3. Strength development of the stabilized aggregate-cement-GGBS system.

Relative to the control binder (100% PC), the binder where the PC was replaced by 20% GGBS performed reasonably well. The early (3-day) strength was however significantly lower than that of the control specimen. Within experimental error, the strength at 7 days was comparable with that achieved by the control binder. By 14 days, the PC-GGBS binder performed almost at par with the control, and clearly better than the control at 28 days. For the PC-GGBS binder where the PC was replaced by 50% GGBS, the strength was significantly lower than that of the control at all stages of moist curing, up to 28 days.

IV.	Discussion
GGBS is known to reduce the early strength, and the current test results are more or less in line with known trends. The replacement of PC with 50% GGBS would require a period much longer than 28 days, for the blended binder to achieve the same strength as the control binder. However, for PC replacement levels of about 20% (± 10%) curing for 14 days for example may perform at par with the control strength. Thus, for periods of low building material demand, such binders can be used.  Some brick manufacturers adopt an accelerated curing regime using steam. Therefore, the period over which the blended binder would be required to achieve reasonable strength may be accelerated. It must be borne in mind that at present, the common or emerging trend is an emphasis on the material handle-ability and matching achievable strength to application/demand, rather than a blind inflexible demand on particular strength levels. In addition, in full-scale commercial production, there are beneficial factors that would reduce the waiting period over which the blended binder will generate reasonable strength to compete with the control/traditional binder. These factors would include: current accelerated curing regime (not simulated in the laboratory), better compaction using industrial plant, better handling of fresh product (as opposed to manual extrusion in the laboratory), possible advantages of mixing larger batches of material as opposed to small laboratory-scale batches that are prone to moisture losses/localised pockets of material in-homogeneity.




Figure 4: laboratory scale brick making, showing a freshly compacted brick made using L-GGBS blend.

Based on the laboratory results it was observed that there were economic as well as environmental advantages from using the PC with GGBS system rather than PC alone. Higher strength values are likely to be achieved when production of this brick is done at industrial scale with a better compaction effort. This is a preliminary test result, further tests, such as those for durability and expansion are ongoing and will be reported at a later stage. It is subsequently anticipated that this technology will have possible benefits in terms of the economy and care for the environment

V.	Conclusion
The results obtained suggest that there is potential for use of industrial by-products as binder for the manufacture of building bricks. 
       The strength values obtained using PC with GGBS as blended stabiliser was very encouraging. It is anticipated that better strength results in real commercial brick production would be realised, relative to the laboratory-based strength results, for the reasons already discussed.
       Research shows that the combination of PC and GGBS may have other benefits in performance such as durability and volume stability. These added benefits need to be investigated in future research studies with a specific focus on building components.
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